Abstract
has not been defined. In murine models, pregnancy following a systemic viral infection can result 91 in an ascending bacterial uterine infection, inflammation, and preterm birth (30). It has also been 92
reported that viral persistence of ZIKV in the lower female genital tract in the rhesus monkey is 93 prolonged in animals treated with Depo-Provera, a synthetic progestogen (31). The specific 94 etiology of adverse pregnancy outcomes in congenital ZIKV infection, however, is yet to be 95 defined and requires further study. The female monkey described in this report was co-housed with a compatible male and 156 observed daily for menses and breeding. Pregnancy was detected by ultrasound examination of 157 the uterus at approximately 20-24 gestation days (gd) following the predicted day of ovulation. 158
The gd was estimated (+/-2 days) based on the dam's menstrual cycle, observation of 159 copulation, and the greatest length of the fetus at initial ultrasound examination which was 160 compared to normative growth data in this species (57). For physical examinations, virus 161 inoculations, some ultrasound examinations, blood and swab collections, the dam was 162
anesthetized with an intramuscular dose of ketamine (10 mg/kg). Blood samples from the 163 femoral or saphenous vein were obtained using a vacutainer system or needle and syringe. The 164 pregnant macaque was monitored daily prior to and after inoculation for any clinical signs of 165 infection (e.g., diarrhea, inappetence, inactivity and atypical behaviors). This macaque developed 166 chronic diarrhea prior to conception and was treated daily with oral tylosin throughout pregnancy. 1660) with two rounds of amplification. The inoculating stock was prepared and validated as 174 previously described (49, 50). The animal was anesthetized as described above, and 1 mL of 175 inoculum at 1 x 10 4 PFU dilution in PBS was administered subcutaneously over the cranial 176 dorsum. Post-inoculation, the animal was closely monitored by veterinary and animal care staff 177 for adverse reactions or any signs of disease. 178
Pregnancy monitoring and fetal measurements 180
Weekly ultrasounds were conducted to observe the health of the fetus and to obtain 181 measurements including fetal femur length (FL), biparietal diameter (BPD), head circumference 182 (HC), and heart rate, with methods as previously described (49). Growth curves were developed 183 for FL, BPD, and HC (58). Mean measurements and standard deviations at specified days of 184 gestation in rhesus macaques were retrieved from Tarantal et al. (57) and the data were plotted 185 against normative data for fetal rhesus macaques (58). The actual growth measurements were 186 obtained from weekly ultrasound data and used to retrieve the predicted growth measurement by 187 plotting the obtained experimental growth measurement against the growth curves. Data were 188 then graphed as actual gestation age versus predicted gestation age to depict rate of growth 189 compared to uninfected, control rhesus macaques (method described previously in (49)). 190 Doppler ultrasounds to measure fetal heart rate were performed as requested by veterinary staff. 191
Amniocentesis 193
For the amniocentesis procedures reported, animals were shaved, and the skin was prepped 194 with Betadyne® solution, and sterile syringes, needles and gloves were used during the 195 amniocentesis procedure. Under real-time ultrasound guidance, a 22 gauge, 3.5 inch Quincke 196 spinal needle was inserted into the amniotic sac as described previously (49). The first 1.5-2 mL 197 of fluid was discarded due to potential maternal contamination, and an additional 3-4 mL of 198 amniotic fluid was collected in a new sterile syringe for viral qRT-PCR analysis as described 199 elsewhere (50). These samples were obtained at the gestational ages specified in Figure 1 American Type Culture Collection (CCL-81), were not further authenticated and were not 218 specifically tested for mycoplasma. Duplicate wells were infected with 0.1ml of aliquots from 219 serial 10-fold dilutions in growth media and virus was adsorbed for 1 h. Following incubation, the 220 inoculum was removed, and monolayers were overlaid with 3 ml containing a 1:1 mixture of 1.2% 221 oxoid agar and 2 DMEM (Gibco, Carlsbad, CA, USA) with 10% (vol/vol) FBS and 2% (vol/vol) 222 penicillin/streptomycin. Cells were incubated at 37°C in 5% CO 2 for 4 days for plaque 223 development. Cell monolayers then were stained with 3 ml of overlay containing a 1:1 mixture of 224 1.2% oxoid agar and 2 DMEM with 2% (vol/vol) FBS, 2% (vol/vol) penicillin/streptomycin and 225 0.33% neutral red (Gibco). Cells were incubated overnight at 37°C and plaques were counted. 226
Macaque serum samples were screened for ZIKV neutralizing antibodies utilizing a plaque 229 reduction neutralization test (PRNT). End point titrations of reactive sera, utilizing a 90% cutoff 230 (PRNT90), were performed as described (59) against ZIKV strain PRVABC59. Briefly, ZIKV was 231 mixed with serial 2-fold dilutions of serum for 1 hour at 37°C prior to being added to Vero cells 232 and neutralization curves were generated using GraphPad Prism software (La Jolla, CA). The 233 resulting data were analyzed by nonlinear regression to estimate the dilution of serum required to 234 inhibit both 90% and 50% of infection. minute. Finally, the test strip was placed into the solvent and incubated at room temperature for 296 10 minutes before the test strip was read and photographs were taken. A term amniotic fluid 297 sample was the positive control and non-pregnant urine was the negative control. Open-source 298
ImageJ software was used to measure the relative pixel density of each band (control and test 299 band) (National Institutes of Health, Bethesda, MD, USA). The pixel density of each band was 300 measured, the background density was subtracted, and the relative pixel density of each test 301 band was calculated by subtracting the control band density from the test band density. 302 303 Insulin-like growth factor-binding protein 1 (IGFBP-1) ELISA 304
An IGFBP-1 ELISA kit (Abcam, Cambridge, MA, ab100539) was used to determine if a marker 305 for amniotic fluid was detectable in maternal urine. The protocol was followed as specified by themanufacturer and all samples were frozen undiluted at -80°C until use. Duplicates were run for 307 the standards, samples, positive, and negative controls. A term amniotic fluid sample was used 308 as the positive control and male urine and non-pregnant female urine were used as negative 309 controls. All urines were diluted 1:5000 and all amniotic fluid samples were diluted 1:20,000. was monitored by ultrasonography, vRNA titers in blood, and urine samples, and neutralizing 328 antibody titers at multiple times throughout pregnancy; amniotic fluid and maternal CSF were 329 collected at several time points (Figure 1) . 330
Maternal plasma viremia was detected from days 1 through 18 post-infection, peaking at 5 dpi 332 with 2.55 x 10 5 vRNA copies per mL, and was also detected at 24 dpi (Figure 2 ). At 21 dpi the 333 viral load dropped below 100 vRNA copies per mL, the limit of quantification of the qRT-PCR 334 assay. Amniotic fluid at 28 dpi had a viral load of 1.84 x 10 4 vRNA copies per mL. The amniotic 335 fluid was reported as clear, and a plaque assay performed on the amniotic fluid was negative 336 (data not shown). Saliva samples remained negative throughout pregnancy (data not shown). 337 CSF samples taken at 7, 14, and 49 dpi were all negative. ZIKV RNA was first detected in a 338 passively collected urine sample (i.e. in pan at the bottom of the cage) at 42 dpi, with a 339 concentration of 7 x 10 4 vRNA copies per mL, and was present in the urine until euthanasia at 49 340 dpi. the fetus did not demonstrate any persistent tachycardia or bradycardia. Because of these small 381 placental lesions, daily heart rate monitoring was initiated and remained within a normal range
384
The dam underwent euthanasia and necropsy for a comprehensive collection of both maternal 385 and fetal tissues. During the necropsy, the cervix was noted to be closed and no debris was 386 noted in the vaginal vault. The amniotic sac contained significant amounts of adherent purulent 387 matter, and purulent fibrinous material covered the decidua and fetus (Figure 6 ). The fetus 388
showed advanced tissue autolysis, including severe autolysis of the fetal brain (not shown). 
Discussion

488
In this report of an adverse pregnancy outcome following ZIKV infection in a rhesus macaque, 489
we describe fetal demise following suspected PPROM, fetal and maternal ZIKV burden, and 490 significant ocular pathology in the fetus. ZIKV RNA was widely distributed throughout fetal 491 tissues at necropsy, including in the cerebellum and ocular tissues. ZIKV vRNA was also 492 identified in maternal lymph nodes and maternal spleen at the time of necropsy (49 dpi). This is the first report of rupture of membranes and fetal demise in an NHP model of congenital 501 ZIKV infection. We presume that maternal membranes ruptured around 42 dpi (although some 502 amniotic fluid may have been present at 28 dpi) because we detected amniotic fluid markers in 503 the urine at this time point, and identified high vRNA burden in this urine sample, despite 504 absence of detectable maternal viremia at this time. A week after detection of ZIKV RNA in the 505 pan-collected urine/amniotic fluid mixture, abdominal ultrasound evaluation found no fetal 506 heartbeat and the fetus and dam were submitted for necropsy. There was no chronic villitis,which would be expected for viral induced changes. However, sections of the decidua and 508 myometrium revealed a pronounced leukocytoclastic vasculitis involving the smooth muscle 509 walls of the radial and spiral arteries. This is significant because this type of vasculitis is not 510 expected in cases of bacterial infection, but do occur as a response to viral infections associated 511 with cutaneous vasculitis (hypersensitivity vasculitis) (63). 512
513
Although there was fibrinopurulent material surrounding the fetus in the uterine cavity and gram 514 positive cocci in the esophagus, multiple sections of placenta and all other fetal tissues had no 515 histologic evidence of bacterial colonization. The growth of S. epidermidis from aspirated 516 amniotic fluid was minimal and contamination at the time of collection is a possibility. Neutrophilic 517 infiltration, such as that seen in the chorionic plate, is consistent with bacterial infection, but intra-518 amniotic neutrophilic inflammation can also be sterile (64). Sterile neutrophilic inflammation has 519 been reported previously in experimental infection in animals models with this strain of ZIKV, 520 including mice which demonstrated neutrophil infiltration of the skeletal muscle and hippocampus 521 (65) and male rhesus macaques which demonstrated interstitial neutrophilic prostatitis (47). 522 Therefore, while this clinical presentation is consistent with an ascending bacterial intraamniotic 523 infection, further studies will be able to provide clarification of the histopathologic outcomes with 524 macaque pregnancies. 525
526
Closely associated with this fetal demise is the occurrence of PPROM. Although it is not possible 527 to determine if the amniotic membranes ruptured because of ZIKV infection, the finding of 528 PPROM followed by fetal demise also occurs during human prenatal ZIKV infection (24) . It could 529 be hypothesized that the amniocentesis at 28 dpi contributed to the possible intrauterine 530 bacterial infection; however, the long duration of time separating these events, and the typical 531 rapidity of preterm labor in the rhesus macaque with experimental bacterial infection of thepregnancy are needed to determine if there is an association between congenital ZIKV infection 534 and an increased risk for intra-amniotic infection leading to PPROM and fetal demise. One may 535 speculate that ZIKV infection early in gestation affects pregnancy-induced T-cell changes or 536 placental invasion involved in uterine vascular remodeling necessary for normal blood flow to the 537 placenta. In turn, ZIKV infection may lead to abnormal remodeling and abnormal blood flow to 538 the placenta culminating in pathologic infarctions and increased risk for relative placental 539 insufficiency and preterm birth. This working hypothesis requires further study. would not have impacted eye development, since the ocular structure damage described would 551 likely have occurred from the disruption of normal developmental processes which occur earlier 552 in pregnancy. Anterior segment dysgenesis refers to a spectrum of developmental anomalies 553 resulting from abnormalities of neural crest migration and differentiation during fetal development 554 (68). In humans, anterior segment dysgenesis is present in rare syndromes (69), and although 555 the rate of anterior segment dysgenesis and related syndromes is unknown in rhesus macaques, 556 it would be unlikely to appear in pregnancy. 557
An ocular coloboma is a congenital lesion associated with a failure in the closure of the 559 embryonic (ocular) fissure causing defects of one or more ocular structures (i.e., the eyelids, 560 lens, cornea, iris, ciliary body, zonules, choroid, retina and optic nerve). The defect is essentially 561 a bare sclera with the overlying retinal pigmented epithelium, retina or choroid missing (70). It 562 may be sporadic or inherited and, in some cases, is associated with systemic disorders (70). 563
Choroidal colobomas in humans can be also associated with the presence of retinal dysplasia 564 (71, 72), which was noted in the current case. Although there are multiple genetic mutations 565 associated with colobomatous defects in humans (70), there is only one case report of a 566 macaque with coloboma and no genetic evaluations were pursued in that report (73). We did not 567 pursue a genetic evaluation because it seems unlikely that a rare genetic defect would occur in 568 one of the fetuses with congenital ZIKV infection. The defects in the eye affected the posterior 569 and ventral aspect of the globe, which is common, since the ocular fissure is embryologically 570 located in the ventro-nasal quadrant of the eye. It also mainly affected the choroid, thereby 571 classifying it as a choroidal coloboma. In our previous study, we identified optic nerve gliosis in 572 the two-first trimester infections (49), but did not identify other significant ocular pathology. CZS 573 represents a continuum of disease from mild to severe and the macaque model highlights this by 574 capturing the wide disease spectrum. It is also important to note that the current study was 575 conducted with a virus stock prepared from an isolate obtained from a person infected in Puerto 576
Rico, whereas our previous study (49) was conducted with a virus stock prepared from a French 577
Polynesian isolate. Our results may indicate that closely related viruses can cause different 578 outcomes in pregnant macaques, however further studies will be needed to understand whether 579 specific genetic determinants are related to these outcomes. Although ZIKV causes ocular 580 disease in the adult murine model (74), no ocular anomalies to this extent have yet been 581 observed in mouse models of congenital ZIKV infection. This also underscores the important role 582 the rhesus macaque model plays in studying ZIKV effects on pregnancy outcomes. 583 
